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Abstract 
Adsorption filters have the potential to retain suspended pollutants physically, as well as attracting and 
chemically attaching dissolved compounds onto the adsorbent. This study investigated the adsorption of 
eight hydrophobic organic compounds (HOCs) frequently detected in stormwater – including four 
polycyclic aromatic hydrocarbons (PAHs), two phthalates and two alkylphenols – onto activated carbon 
produced from domestic sewage sludge. Adsorption was studied using batch tests. Kinetic studies 
indicated that bulk adsorption of HOCs occurred within 10 min. Sludge-based activated carbon was as 
efficient as tested commercial carbons for adsorbing HOCs; adsorption capacities ranged from 70 to 2800 
µg/g (Cinitial=10–300 µg/L; 15 mg SBAC in 150 mL solution; 24 h contact time) for each HOC. In the batch 
tests, the adsorption capacity was generally negatively correlated to the compounds’ hydrophobicity (log 
Kow) and positively associated with decreasing molecule size, suggesting that molecular sieving limited 
adsorption. However, in repeated adsorption tests, where competition between HOCs was more likely to 
occur, adsorbed pollutant loads exhibited strong positive correlation with log Kow. Sewage sludge as a 
carbon source for activated carbon has great potential as a sustainable alternative for sludge waste 
management practices and production of a high-capacity adsorption material.  
 
Keywords: adsorption, organic contaminants, sludge-based activated carbon, stormwater 
management 
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1. Introduction 
Municipal and industrial wastewater treatment plants produce large volumes of sludges, for which the 
processing and disposal are becoming complex problems. In Canada, a country with 24 million of its 35 
million people connected to municipal sanitary sewers, an estimated 860,000 tonnes of dry biosolids are 
produced annually (LeBlanc et al. 2008). Corresponding numbers for the European Union, with 360 million 
inhabitants, are approximately 10 million tonnes of produced sewage sludges, a number deemed to be 
underestimated (Milieu Ltd 2010). Major disposal routes of sewage sludge include incineration, landfilling 
and application to land (Fytili and Zabaniotou 2008, LeBlanc et al. 2008). Incineration faces high capital 
costs and public concern over air emission risks, while rising land prices and strategies to ban dumping of 
organic materials have constrained landfilling. Recycling or further use of the sludge is the preferred and 
sustainable management option. Sewage sludge contains valuable organic matter and nutrients and could 
be used as a renewable source of fertilizers. Wastewater streams are, however, contaminated with 
chemicals and by-products from industry – including metals, polychlorinated biphenyls (PCBs); polycyclic 
aromatic hydrocarbons (PAHs); dioxins and furans – as well as compounds found in common household 
products – e.g. metals, flame retardants including polybrominated diphenyl ethers (PBDEs); plasticizers 
such as phthalates; surfactants including alkylphenols; personal care products and pharmaceuticals – 
which risk being enriched in sewage sludge (Bright and Healey 2003, Harrison et al. 2006). The occurrence 
of contaminants in sludge has led to negative public perception about biosolids and is currently a major 
deterrent to agricultural application of sewage sludges in many countries (LeBlanc et al. 2008).  
 
Since sewage sludge is a carbon-rich, renewable and vast resource which can be obtained at low cost, an 
alternative use of sludge is for the production of activated carbon (AC) adsorbents, used to remove a wide 
range of contaminants from air and water. Sludge has been shown to produce high-quality carbons for 
adsorption of impurities in water, including metals, phenols and dyes (Smith et al. 2009, Xu et al. 2015). 
Producing AC from sludge has the potential to be a cost-effective alternative with respect to both waste 
management and production of low-cost adsorbents. In fact, production costs of sludge-based carbon, 
which depend on factors such as sludge availability and required processing, including energy costs for 
pyrolysis and drying, have the potential to be on par with, or even lower than, production costs of 
commercial ACs (Xu et al. 2015). 
 
The pure AC carbon structure is non-polar and accordingly, ACs have shown high adsorption capacity for 
many types of non-polar or slightly polar organic compounds, including phenolic compounds (Liu et al. 
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2010), pesticides, PCBs (Sotelo et al. 2002), phthalates (Venkata Mohan et al. 2007), and PAHs 
(Valderrama et al. 2008). The hydrophilicity of ACs can be increased by the presence of polar surface 
functional groups, and the surface chemistry can be modified to enhance selectivity of specific chemicals.  
Inorganics, including for example Cu, Pb and Zn (Rivera-Utrilla et al. 2011), nitrate, nitrite and ammonia 
(Afkhami et al. 2007, Huang et al. 2008), as well as sulfides, chlorides and cyanides (Bansal and Goyal 
2005), have been shown to adsorb onto modified ACs.  
 
Activated carbon is regularly used in drinking water and wastewater treatment, but currently has limited 
application for other types of contaminated water, including stormwater, which is often contaminated 
with metals, organic pollutants and nutrients. Recent research shows that many persistent organic 
pollutants, including PAHs, PCBs, PBDEs, phthalates and alkylphenols, are ubiquitous in stormwater 
(Björklund et al. 2009, Björklund et al. 2011, Bressy et al. 2012, Zgheib et al. 2011). Stormwater 
contaminated with organic substances may pose a threat to receiving waters, as many organic compounds 
have been shown to persist in the environment, bioaccumulate in organisms, and exhibit adverse effects 
on human and animal health. To achieve established water quality objectives, stormwater treatment is 
considered critical.  
 
Contrary to what has been assumed previously, recent studies show that many theoretically hydrophobic 
organic compounds (HOCs) with high water-octanol partition coefficient (Kow), such as PAHs and 
phthalates, are found in considerable amounts in the dissolved (<0.7 µm) and colloidal phases of 
stormwater (Kalmykova et al. 2013, Zgheib et al. 2011). Consequently, stormwater treatment methods, 
such as filtration and sedimentation, are assumed to be inefficient for HOCs in non-particulate phases. 
Adsorption filters have the potential to physically retain suspended pollutants, as well as attracting and 
chemically attaching dissolved pollutants onto adsorbent surfaces. Adsorption can be adopted in 
stormwater treatment methods such as storm drain filters and bioretention. Provided that effective 
media are used, adsorption can be an economical and easily-operated treatment method. Hence, AC 
produced from sewage sludge has the potential to become a sustainable solution for improving 
stormwater and receiving water quality.  
 
The objectives of this study were to i) investigate the adsorption of organic stormwater contaminants 
onto sludge-based carbon in the absence and presence of competing adsorbates; ii) compare the 
adsorption capacity of sludge-based activated carbon (SBAC) with a surface-modified SBAC and two 
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commercially available ACs. This is the first evaluation of the adsorption efficiency of SBAC for HOCs; 
adsorption is investigated in batch tests using ultrapure water spiked with organic compounds. Organic 
contaminants receive particular attention, as there are currently few data on the use of adsorption to 
remove them from stormwater. Selected organic compounds – four PAHs (fluorene, anthracene, pyrene 
and benzo[e]pyrene), two phthalates (dibutyl and di(2-ethylhexyl) phthalate), as well as two alkylphenols 
(4-t-octyl- and 4-nonylphenol) – were chosen according to reported stormwater detection frequency 
(Björklund et al. 2011, Bressy et al. 2012, Zgheib et al. 2012, Zgheib et al. 2011) and contrasting 
characteristics such as hydrophobicity and functional groups (Table S1, Supplementary Material).  
 
2. Material and Methods 
2.1. Production of Sludge-Based Activated Carbon  
The preparation of SBAC has been described in detail elsewhere (Gong 2013), and is only summarized 
here. Sludge was collected from the aerobic zone of the wastewater treatment pilot plant at the University 
of British Columbia, Vancouver, which receives domestic wastewater from the campus. The sludge was 
centrifuged, dried (105°C) and ground to a fine powder. The powdered sludge was soaked in 5M ZnCl2 for 
24 h, dried for 24 h, then pyrolysed at Tfinal=500°C in an electric furnace. After conversion, the SBAC was 
ground to a powder, washed with 5M HCl followed by distilled water, dried and stored in amber glass 
bottles. 
 
Physical and chemical characterization of the produced carbon materials included carbon content, BET 
surface area, pH, cation exchange capacity (CEC), X-Ray Diffraction, and surface functional groups by 
Fourier transform infrared spectroscopy (FTIR), all explained in detail by Gong (2013).  
 
2.2. Other Sorbents 
For comparison, SBAC modified with an oxidizing agent was tested. A pre-study (Gong 2013) showed that 
impregnating SBAC with 10M HNO3 (1 g to 10 mL) at 90°C for 4 h produced a modified SBAC (modSBAC) 
with excellent adsorption capacity for metals, and hence this was tested in this study. Carbonized sludge 
(CS) was prepared by pyrolysing the sludge using the same method as for the SBAC, but without ZnCl2 
impregnation.  
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Two commercially available ACs from Sigma Aldrich (untreated powder, 100–400 mesh, henceforth 
referred to as Sigma) and Calgon Carbon (powdered, WPH type for water treatment, 100–325 mesh, 
henceforth referred to as WPH) were tested in parallel with the carbons produced from sewage sludge.  
 
2.3. Batch Adsorption Tests 
2.3.1. Adsorption Isotherms of Organic Compounds 
Two solutions were prepared for isotherm tests of HOCs: (1) individual organic compounds spiked at five 
concentrations (10, 50, 100, 200 and 300 µg/L), and (2) a mixture of all eight compounds, each spiked at 
the same concentrations range as (1) above. Higher concentrations could not be tested due to the limited 
water solubility of HOCs. In amber glass bottles, 150 mL ultrapure water was spiked with HOCs, the 
solution was thoroughly mixed, and 0.015 g of each the four ACs (SBAC, modSBAC, WPH, Sigma) were 
added. Samples were mixed using an end-over-end rotator at room temperature (20±2°C) for 24 h, then 
centrifuged at 2000 rpm for 10 minutes: the liquid phase was analyzed for concentrations of HOCs. 
Samples with individual compounds spiked were prepared in triplicate; all other samples were prepared 
in duplicate. Blanks of all carbons (SBAC, modSBAC, CS, WPH and Sigma) in water were analyzed to 
determine leaching of organic compounds and metals.  
 
For each batch of tests, a matrix blank and a matrix spike were prepared following the same procedure as 
for the adsorption tests to determine contamination and loss of analytes, respectively. Matrix spikes 
showed acceptable recoveries (>70%) and good precision (<20% RSD) for all compounds. Phthalates are 
known to cause blank problems since these plasticizers are incorporated in a number of materials found 
in laboratories (Fankhauser-Noti and Grob 2007). Even though precautions were taken to avoid 
contamination of samples, DBP and DEHP levels in the matrix blanks varied between <1–3 µg/L and 3–6 
µg/L, respectively (?̅?DBP=1.5, ?̅?DEHP=4.8).  
 
To estimate the maximum adsorption of HOCs onto SBAC, adsorption tests were repeated. At the bottom 
of a glass column (~85 mL), a plug of silanized glass wool was inserted and 50.0 mg SBAC placed on top. 
Spiked ultrapure water (200 µg/L of each HOCs, all HOCs mixed) was added in batches of 150 mL and 
passed through the SBAC, with a contact time of approximately 20 min. Collected column eluates were 
analyzed for remaining HOC concentrations. Prior to the repeated adsorption tests, one batch of ultrapure 
water and three batches of spiked water were passed through the column and a glass wool plug (no SBAC) 
to determine contamination and loss of analytes, respectively. Nonylphenol, octylphenol and PAHs were 
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not detected in the blank. DBP and DEHP blank concentrations were ≤0.6 µg/L, i.e. similar to matrix blanks. 
The recoveries of HOCs were slightly lower after passing through the glass wool, compared to having no 
glass wool. However, recoveries were not significantly different between matrix spikes and glass wool 
spikes (independent samples t-test, p=0.617).   
 
2.3.2. pH Effects on Adsorption 
The effect of solution pH on adsorption of HOCs was tested by adjusting the pH of ultrapure water, using 
0.1 M NaOH or HCl, to pH = 4, 7 and 9. To 150 mL pH-adjusted water, 0.015 g SBAC was added and the 
samples were spiked with a mixture of the organic compounds (100 µg/L of each compound). After 24 h 
mixing, the samples were centrifuged and subsequently extracted.  
 
2.3.3. Kinetics 
Prior to the kinetic tests, 0.015 g of the four ACs were soaked in 150 mL Milli-Q water for 24 h, after which 
the samples were spiked with a mixture of the organic compounds (100 µg/L of each compound). After 
mixing  for 10, 20, 30, 60 and 120 min, the samples were centrifuged and subsequently extracted.  
 
2.4. Reagents, Extraction and Analysis of Organic Compounds  
Detailed information on chemicals used for producing SBAC and extracting organic compounds from 
water are found elsewhere (Björklund and Li 2015, Gong 2013). Water was purified with a Synergy UV 
Milli-Q system from Millipore. Standards of fluorene (FL), anthracene (ANT), pyrene (PYR), benzo[e]pyrene 
(BeP), 4-nonlyphenol (NP), dibutyl phthalate (DBP) and di(2-ethylhexyl) phthalate (DEHP) were purchased 
from Sigma-Aldrich, and 4-t-octylphenol (OP) from Fluka. 9-chloroanthracene and phenanthrene-d10, 
from Sigma-Aldrich, were used as internal standards. Stock solutions of the organic compounds, as well 
as internal and calibration standards of analytes, were prepared in toluene, and working standards for 
spiking water samples were prepared in acetone. All solutions were stored in amber glass bottles at -18°C. 
The procedure to extract organic compounds from water and the instrumentation used for analysis are 
described in detail elsewhere (Björklund and Li 2015) and are summarized in the Supplementary Material.  
 
2.5. Data Analysis 
The concentrations of HOCs remaining in the solution after adsorption were used to determine the 
adsorption capacity (qe, µg/g). Equations for the adsorption capacity, as well as the Langmuir and 
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Freundlich isotherm models and the pseudo-first and second order kinetics models, are presented in the 
Supplementary Material.  
 
IBM SPSS Statistics version 20 software was employed to perform all statistical analyses, such as 
correlations, t-tests and one-way ANOVAs.  
 
3. Results and Discussion 
3.1. Characteristics of the Carbon Materials 
Characteristics of the sludge-based carbons are presented in detail elsewhere (Gong 2013). In summary, 
the FTIR spectrum of CS (non-activated) indicated that the absence of chemical treatment led to a lack of 
functional groups. The differences in intensity of certain bands in the SBAC and modSBAC spectra can be 
attributed to the oxidation of SBAC with nitric acid, leading to an increase in functional surface groups 
such as C=O, C-O, C=N, C-N=O, R-COO-, indicated in the modSBAC spectrum (see Gong [2013] for 
information on specific peaks).  
 
The yield of SBAC (calculated on ten batches of dry sludge pyrolysis conversion) was approximately 35%, 
which is comparable to other studies using organic waste products as carbon sources for AC production 
(Ioannidou and Zabaniotou 2007). The surfaces of SBAC and modSBAC were acidic (Error! Reference 
source not found.); ZnCl2 activation and HCl washing are known to produce acidic ACs (Smith et al. 2009). 
In addition, HNO3 modification renders the surface even more acidic by introducing oxygen-containing 
functional groups. The ash content of SBAC (Table 1) was higher than reported content for ACs produced 
from agricultural wastes, but lower than reported in studies on sludge-based ACs (Ioannidou and 
Zabaniotou 2007, Xu et al. 2015, Yeganeh et al. 2006). A low ash content favors surface area and 
microporosity (Xu et al. 2015), hence affecting the adsorption capacity per unit mass. Acid washing, in this 
case with HCl, decreases the ash content and improves the surface area and porosity of ACs. The SBAC 
surface area was lower than for tested commercial carbons, but in the range of other reported ACs 
produced from agricultural waste and conventional carbon sources such as coal, and higher than reported 
in studies on sludge-based ACs (Ioannidou and Zabaniotou 2007, Smith et al. 2009, Xu et al. 2015, Yeganeh 
et al. 2006). Modification of the SBAC considerably decreased the surface area (Table 1), possibly due to 
destruction of the porous structure caused by oxidation with HNO3 (Yin et al. 2007).  
 
Preprint: Adsorption of Organic Stormwater Pollutants onto Activated Carbon from Sewage Sludge 
 
8 
 
Table 1. Physical and chemical characteristics of raw material and carbonaceous materials.   
Material Raw material, activation 
and modification methods 
BET surface 
area  
 
[m2/g] 
Ash 
content 
 
[%] 
pH (CaCl2 
method) 
Cation 
exchange 
capacity 
[meq/100 g] 
Raw sludge - 19.8 62.5 6.9 91.1 
CS – carbonized 
sludge 
Sewage sludge, not 
activated 
202 39.4 5.3 4.94 
SBAC  – 
sewage-based 
activated 
carbon 
Sewage sludge, chemical 
activation with ZnCl2 
721 9.4 3.4 <1 
modSBAC – 
modified SBAC 
Sewage sludge, SBAC 
modified with HNO3 
86.1 7.4 1.0 n.a.a 
WPH – 
commercial AC 
Bituminous coal, steam 
activation 
1130 9.9 8.4 126 
Sigma – 
commercial AC 
Wood, chemical activation 2110 6.3 8.0 95.3 
a Not analyzed.  
 
In general, low levels of metals were leached from the ACs (low µg/L levels), except for Zn from SBAC (a 
residue of the activation agent), corresponding to 6.9 mgZn desorbed per gSBAC, compared to 0.53–1.7 
mg/g for the other materials. None of the eight HOCs were detected in the leachate of the four activated 
carbons.  
 
3.2. Adsorption of Individual and Mixed HOCs onto SBAC 
Removal of organic compounds using SBAC was found to be efficient for both individual compounds and 
a mixture of the eight HOCs. No statistical difference in adsorption capacities (qe) was detected between 
samples with individual compounds or a mixture of compounds (independent samples t-test, p>.05 at all 
five spike levels). This suggests that competition for adsorption sites on the SBAC was not relevant for the 
prevailing conditions (doseSBAC=0.015 g, 150 mL, ≤300 µg HOCs/L). If all added HOCs were to be completely 
adsorbed, this would have resulted in a load of approximately 24 mg/gSBAC (i.e. 2.4% of its weight). 
According to the Product Information for the Sigma Aldrich carbon used in the current study, activated 
carbon can be expected to adsorb 1–30% (?̅?≈10%) of its own weight. In this case, it is assumed that 
adsorption sites on the SBAC surface were still available and that additional adsorption was possible.  
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Because no statistical difference in adsorption capacity between individual and mixed HOCs was observed, 
pH effects, kinetic tests, comparisons between different types of ACs, and adsorption isotherms (sections 
3.3.–3.6.) were performed on samples containing a mixture of HOCs.   
 
3.3. pH Effects 
A one-way ANOVA test reveals that the adsorption capacities of all HOCs were significantly lower for pH 
= 4 than for a pH of 7 and 9 (p<0.05), whereas there was no statistically significant difference between pH 
7 and 9. This implies that adsorption of HOCs onto SBAC is near optimal at pH levels normally found in 
natural stormwater, i.e. slightly above neutral pH (NSQD, 2015).  
 
3.4. Kinetic Tests 
The SBAC adsorption capacity fluctuated between 10 and 60 min (Figure 1a). After the initial rapid 
adsorption phase, where easily available AC surface adsorption sites became occupied, a transition state 
was reached, most likely giving rise to observed fluctuations in adsorption capacity (Ncibi and Sillanpää 
2015). The high-molecular weight compounds needed time to diffuse into smaller and smaller pores and 
finally reach equilibrium. Similar trends in kinetic data were observed in a previous study on the 
adsorption of HOCs onto sawdust and pine bark (Björklund and Li 2015).  
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Figure 1. (a) Capacity (qe) of SBAC to adsorb HOCs at t=10–120 min (Cinitial=100 µg/L, doseSBAC=0.015 g); (b) 
Application of the pseudo-second-order kinetic model to experimental data for adsorption of HOCs onto 
SBAC. 
 
Non-parametric Mann-Whitney tests show that the adsorption capacity at 24 h was significantly higher 
than at 120 min (z=-4.79, p=.000). At 120 min, qe:s were indeed higher than at 10 min, though not 
significantly higher (z=-1.66, p=.097). Approximately 58–89% of the maximum adsorption (assumed at 24 
h) of HOCs was reached within 10 min, compared to 61–91% at 120 min. This implies that most adsorption 
of HOCs occurred within 10 min contact with SBAC, but that 11–41%, depending on the compound, of the 
adsorption capacity was only achieved in the following 24 h.  
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Experimental data did not fit the first-order equation well (Table 2), whereas for the second-order plots 
R2≥0.995 for all compounds (Table 2, Figure 1b). However, predicted qe:s are generally 10–40% lower than 
experimentally derived adsorption capacities, suggesting moderate agreement between experimental 
data and the kinetic model. The pseudo-second-order model is based on the assumption that the rate-
limiting step is surface adsorption involving chemisorption (Ho and McKay 1999), requiring electron 
transfer or sharing between surface and adsorbate (Ruthven 2008). Previous studies on the adsorption of 
PAHs and phthalates onto AC have indicated that both pseudo-first- and second-order models fit 
experimental data (Abdel daiem et al. 2012, Valderrama et al. 2008, Venkata Mohan et al. 2007).  
 
Table 2. Coefficient of determination (R2) for pseudo-first- and second-order kinetic models, as well as 
intra-particle linear plots for removal of HOCs using SBAC. Fitted parameters of the pseudo-second order 
model are also presented. 
 First order Second order Intrapart. diff. 
 R2 R2 qea 
[µg/g] 
qexpb 
[µg/g] 
k2c 
[g/(µg∙min)] 
R2 
FLd 0.005 0.999 769 968 2.11∙10-3 0.039 
ANT 0.086 0.997 625 942 1.07∙10-3 0.272 
PYR 0.161 0.998 625 855 9.14∙10-4 0.336 
BeP 0.024 0.999 714 789 3.92∙10-3 0.060 
OP 0.342 0.998 667 944 4.25∙10-4 0.570 
NP 0.058 0.995 625 932 9.48∙10-4 0.212 
DBP 0.538 0.998 667 947 3.21∙10-4 0.656 
DEHP 0.014 0.999 500 824 13.3∙10-2 0.002 
a qe is the calculated adsorption capacity at t=24 h (assumed equilibrium). 
b qexp is the experimentally determined qe at t=24 h. 
c k2 is the pseudo-second-order rate constant of adsorption.  
d FL –  fluorene, ANT – anthracene, PYR – pyrene, BeP – benzo[e]pyrene, OP – 4-tert-octylphenol, NP – 4-
nonylphenol, DBP – dibutyl phthalate, DEHP – di(2-ethylhexyl) phthalate.  
 
It can be assumed that the adsorption process follows two consecutive steps: external mass transfer of 
the adsorbate across the external boundary layer; and intraparticle diffusion within the pores of the 
adsorbent (Liu et al. 2010). To gain insight into the diffusion/transport mechanisms and rate-controlling 
steps affecting the kinetics of adsorption, experimental results were fitted to Weber's intraparticle 
diffusion model (Supplementary Material, Eq. 6). If the regression of qt vs t1/2 is linear and passes through 
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the origin, then intraparticle diffusion is the sole rate-limiting step; if not, boundary layer diffusion controls 
the adsorption to some degree. In this study, none of the HOC plots pass through the origin and R2:s for 
the model are moderate to weak (Table 2), likely due to the non-linear trend caused by lower qt:s observed 
at t=20 min (Figure 1a). Because of this irregularity in the data, it is difficult to draw conclusions on the 
sorption process from the shape of the plot, as seen, for example, in the results of Valderrama et al. 
(2008).  
 
3.5. Adsorption of HOCs onto SBAC, modSBAC, WPH and Sigma 
The average adsorption capacities of the commercial carbons WPH and Sigma were slightly higher than 
for SBAC at spike levels of 10–200 µg/L (Table 2). The difference is, however, not statistically significant at 
the p<0.05 level (One-way ANOVA). Capacities for modSBAC were consistently lower than for other tested 
ACs, but only significantly lower than qe:s for Sigma at spike concentration 200 µg/L (p=.029) and SBAC at 
300 µg/L (p=.018). Adsorption capacities for specific compounds are presented in Figure 3 (SBAC) and 
Figure S1 (WPH, Sigma and modSBAC). Compared to WPH, which exhibits the highest qe:s of all tested 
ACs, the average qe:s for modSBAC were significantly lower at all spike levels (p=.010–.048). The highest 
adsorption capacities using modSBAC were found for PAHs, ranging from 2700 to 2970 µg/g at the highest 
spike level, followed by DBP and DEHP and the alkylphenols NP and OP (1590, 1310, 1250 and 666 µg/g, 
respectively, Figure S1). Differences in qe:s between HOCs are, however, not significant at the p<0.05 level.   
 
 
Figure 2. Adsorption capacity (qe) of HOCs on sewage-based activated carbon (SBAC) and surface-modified 
SBAC (modSBAC), as well as commercial activated carbons WPH and Sigma. Plotted qe:s are mean of 
duplicate samples and error bars indicate standard error of qe at each spike level. 
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These results indicate that the modified carbon was less effective at adsorbing hydrophobic organic 
compounds than the other carbons tested. The surface area was greatly reduced when the SBAC was 
modified (Error! Reference source not found.), although porosity is assumed to have a larger effect on 
adsorption than surface area. Modification is often assumed to negatively affect micro- and meso-porosity 
of ACs, although studies by Ania et al. (2007) and Rivera-Utrilla et al. (2011) show that HNO3-modification 
does not affect micro-porosity. However, the pore size distribution was not investigated in this study. 
 
The FTIR spectra indicate an increase in oxygen-containing functional surface groups on the modSBAC 
compared to SBAC (Gong 2013). Several studies have shown that adsorption of both relatively 
hydrophobic and hydrophilic organic compounds is depressed on polar ACs with surface oxygen groups 
compared to less polar hydrophobic carbons (Ania et al. 2007, Li et al. 2002, Moreno-Castilla 2004, 
Quinlivan et al. 2005). On hydrophilic carbons, water molecules are bound to the surface oxygen groups 
by H-bonds, preventing HOC access to hydrophobic parts of the carbon surface. Aromatic compounds are 
believed to interact with the carbon surfaces through forces between the π-electrons of the aromatic ring 
and those present in graphene layers. When the carbon surface is oxidized, electron-acceptor groups, 
such as carboxylic, are introduced, leading to lower π-electron density in the graphene layers, hence to 
decreased dispersion interactions. Several studies show that an increase in carboxyl and hydroxyl groups 
inhibits adsorption of phenolic compounds, both through increased water adsorption and reduced 
availability of π-electrons (Apul and Karanfil 2015, Smith et al. 2009). Oxidation of the modSBAC surface 
appears to have affected the adsorption of alkylphenols and phthalates more than PAHs. Water 
adsorption affects all HOCs to the same degree, but because the PAHs contain more aromatic rings than 
alkylphenols and phthalates, this may lead to increasing strength of π–π interactions (Apul and Karanfil 
2015).  
 
3.6. Adsorption Isotherms for HOCs onto SBAC 
In general, adsorption capacities ranged from 70 µg/g (Cinitial=10 µg/L) to 2800 µg/g (Cinitial=300 µg/L) for 
each of the HOCs (Figure 3). This can be compared to a similar study of HOC adsorption onto wood-based 
products, where adsorption capacities ranged from 0.5–1.3 µg/g (Cinitial=10 µg/L) to 38–45 µg/g (Cinitial=300 
µg/L) (Björklund and Li 2015). The highest remaining concentrations (Ce) after 24 h of adsorption were 
found for DEHP (≤205 µg/L), followed by benzo[e]pyrene (≤72.5 µg/L). The formation of benzo[e]pyrene 
and DEHP, and to a lesser degree pyrene, colloidal dispersions or emulsions in water was possibly due to 
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their limited water solubility (Table S1); hence benzo[e]pyrene and DEHP adsorption isotherms may be 
affected (Julinová and Slavík 2012). Linearity of the isotherms (not shown) indicates that saturation was 
not reached for any HOC. The Freundlich model fits experimental data for some of the HOCs, whereas the 
Langmuir model exhibits a stronger fit (R2 ≥ 0.947) for all compounds tested (Table 3). However, negative 
qmax-values indicate that the Langmuir model cannot adequately explain the adsorption process. The 
Langmuir model assumes that adsorbed molecules form a monolayer, and it is argued that it describes 
chemisorption of molecules, also indicated by the pseudo-second order kinetic model. However, both 
physisorption and chemisorption can occur simultaneously, and experimental results do not always 
indicate clearly which type of adsorption is predominant. In fact, it has been suggested that the Langmuir 
isotherm model is not limited to chemisorption, but that a good fit to the model indicates monolayer 
adsorption, while adsorbent-adsorbate interactions characterized by non-covalent forces such as van der 
Waals, hydrophobic and electrostatic interactions are possible (Alkaram et al. 2009, Valderrama et al. 
2008). Given the weak fit of the Freundlich model and the negative qmax-values of the Langmuir models, 
we cannot use the models to draw any conclusions on the determinant factor in the adsorption of the 
organic compounds.  
 
 
Figure 3. Adsorption capacity (qe) of HOCs using SBAC at Cinitial=10–300 µg/L. Plotted qe:s are mean of 
duplicate samples and error bars indicate standard error of qe. 
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Table 3. Coefficient of determination (R2) and Freundlich and Langmuir isotherm parameters for 
adsorption of HOCs onto SBAC.   
  Freundlich Langmuir 
 R2 na 
[-] 
KFa 
[(µg/g)∙(L/µg)(1/n)] 
R2 qmaxb 
[µg/g] 
KLc 
[L/µg] 
FLd 0.993 0.563 4.24 0.993 -500 -0.081 
ANT 0.584 0.588 3.89 0.947 -370 -0.072 
PYR 0.740 0.617 2.45 0.971 -588 -0.027 
BeP 0.762 0.837 4.45 0.961 -1.00∙104 -0.004 
OP 0.987 0.802 5.19 1.000 -2.00∙103 -0.026 
NP 0.917 0.339 0.54 0.987 -108 -0.051 
DBP 0.970 0.471 1.91 0.982 -270 -0.057 
DEHP 0.770 0.517 1.12 0.967 -208 -0.026 
a KF and n are Freundlich model constants. 
b qmax is the maximum adsorption capacity. 
c KL is the Langmuir constant. 
d FL –  fluorene, ANT – anthracene, PYR – pyrene, BeP – benzo[e]pyrene, OP – 4-tert-octylphenol, NP – 4-
nonylphenol, DBP – dibutyl phthalate, DEHP – di(2-ethylhexyl) phthalate.  
 
The highest adsorption capacities were observed for fluorene, followed by anthracene, DBP and 
octylphenol (Figure 3). In general, the compounds with higher molecular weight and log Kow exhibited 
lower adsorption capacities than lower molecular weight congeners of the same compound group. The 
most hydrophobic compound, DEHP (log Kow 7.7), was adsorbed to the lowest degree of all HOCs tested. 
The adsorption capacities of HOCs are negatively correlated to log Kow at Cinitial=10–200 µg/L (Spearman’s 
ρ=-0.683 to -0.802). Several studies have failed to find a strong relationship between removal of organic 
compounds using AC and the compounds’ Kow, whereas other studies claim that adsorption of 
hydrophobic pollutants is driven mainly by hydrophobic partitioning (Bansal and Goyal 2005, Delgado et 
al. 2012, Valderrama et al. 2008). Log Kow does not appear to be a good indicator when hydrophobic 
partitioning is less relevant, for example when removing adsorbates that are polar, 
protonated/dissociated at solution pH, or small in size. No apparent difference in qe:s was observed 
between compound groups, but rather within the three compound groups, and the only apparent trend 
is lower qe:s with increasing molecular size, suggesting that SBAC exhibit a degree of molecular sieving for 
the larger HOCs. Hydrophobic affinity cannot overcome steric hindrance, which has been observed in 
several studies using microporous ACs (Apul and Karanfil 2015, Delgado et al. 2012, Yuan et al. 2010). 
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Competition among HOCs for adsorption sites on the SBAC surface is assumed to be limited at the 
concentrations tested. As pointed out by Yuan et al. (2010), the relationship between adsorption capacity 
and molecular size may not be straightforward when competitive adsorption arises. Indeed, after 50 
batches of repeated adsorption, the less hydrophobic compounds fluorene, octylphenol, nonylphenol and 
DBP reached at least 50% breakthrough (i.e. remaining concentration in eluate >100 µg/L), whereas the 
more hydrophobic anthracene, pyrene and DEHP were found at eluate concentrations <70 µg/L. Note that 
benzo[e]pyrene was not included in the test due to analytical difficulties. The total adsorbed load of each 
HOC, ranging from 430 (octylphenol and DBP) to 780 µg (DEHP), exhibits a strong relationship with 
compound log Kow (ρ=0.883, p=0.008).  
 
These results indicate that when competition for adsorption sites becomes a factor, hydrophobicity plays 
a more important role in the adsorption process. In total, approximately 4.25 mg HOCs were adsorbed to 
the SBAC, corresponding to 85 mg/gSBAC, or 8.5% of its own weight. This is theoretically not the maximum 
adsorption capacity of SBAC, as none of the HOCs reached 100% breakthrough in the repeated adsorption 
tests. Hence, it can be concluded that SBAC is as efficient as many commercial ACs, which can adsorb 
approximately 10% of their own weight, according to Sigma Aldrich.  
 
In addition to HOCs, natural organic matter (NOM), such as humic and fulvic acids, compete with organic 
compounds for adsorption sites on AC (Quinlivan et al. 2005). The NOM may also block the entrance of 
smaller pores, leading to reduced adsorption of HOCs. Furthermore, NOM has previously been shown to 
affect the solubility, hence the adsorptivity, of metals and organic compounds in water (Kalmykova et al. 
2014, Kalmykova et al. 2010). Hence, it is suggested that further studies on the use of SBAC take into 
consideration the effects of NOM and other competing compounds present in contaminated waters.  
 
3.7. Production and Application of SBAC 
Sewage sludge as a carbon source for AC has great potential as a sustainable alternative for sludge waste 
management practices and production of a high-capacity adsorption material. However, harvesting 
nutrients without risking side-effects of xenobiotic compounds present in the sludge requires further 
research to take full advantage of the benefits of sewage sludges. Activated carbons exhibit superior 
adsorption capacity of organic pollutants compared to many other sorbents used for water treatment 
(Björklund and Li 2015, Boving and Zhang 2004, Nkansah et al. 2012). Commonly used adsorbents, 
including zeolite, peat, fly ash, red mud and clays, usually cost less than 0.2 US $/kg, whereas commercial 
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activated carbons normally cost more than 2.0 US $/kg (Xu et al. 2015). The costs of producing SBAC, 
which depend on factors such as sludge availability and required processing, including energy costs for 
pyrolysis and drying, have the potential to be on par with, or even lower than, those for the production 
of commercial activated carbon. Studies show that carbons polluted with both metals and organic 
pollutants may go through several regeneration cycles – using thermal, chemical or stream processes – 
before the adsorption capacity is considerably decreased (Liu et al. 2014, Xu et al. 2015). This implies that 
regeneration may keep costs down and extend lifetime of the material before final destruction through 
incineration.  
 
Cost-effective production of ACs may lead to broader application of the adsorbent, for example runoff 
from areas of high traffic count which are often polluted with alarming levels of PAHs and other 
petroleum-derived hydrocarbons, phthalates, PCBs, etc. (Birch et al. 2011, Zgheib et al. 2012). Treatment 
of highly-contaminated stormwater may require considerable pollutant removal to achieve water quality 
standards before release into receiving waters. Adsorption filters with SBAC could be used as a 
complementary step after primary treatment of stormwater, e.g. in settling ponds where colloidal and 
dissolved pollutants are not removed. Activated carbon is regularly used to treat leachates from landfills 
(Foo and Hameed 2009, Renou et al. 2008), often contaminated with metals and persistent organic 
pollutants, including PAHs, phthalates, dioxins and furans, flame-retardants and pesticides (Eggen et al. 
2010, Öman and Junestedt 2008). In a previous study on the removal of dissolved, colloidal and particulate 
HOCs from landfill leachate, (commercial) AC was proven to be efficient in removing all phases of 
unwanted organic pollutants (Kalmykova et al. 2014).  
 
4. Conclusions  
Sludge-based activated carbon was easily produced following a straightforward procedure, requiring only 
a high-temperature furnace and no high-cost specialty chemicals. The resulting SBAC had relatively low 
ash content (10%), high surface area (700 m2/g), and low abundance of functional surface groups. Batch 
adsorption tests indicated low competition between HOCs for adsorption sites, whereas repeated 
adsorption tests revealed that more hydrophobic compounds were favoured for adsorption. Both batch 
and repeated adsorption tests suggest that SBAC is as efficient at removing HOCs as many commercial 
ACs. Before SBAC is applied in filters for stormwater treatment, adsorption in continuous flow systems 
using natural stormwater with NOM and other present pollutants, including metals and organic 
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pollutants, should be tested. Other pollutants and NOM may negatively affect the adsorption of HOCs by 
competitive adsorption and/or enhanced HOC solubility.  
 
Using sewage sludge to produce AC has great potential, given the concerns regarding sustainable and 
cost-effective disposal of sludges, and the fact that the SBAC exhibits adsorption capacities for HOCs 
comparable to commercially available ACs produced from fossil fuels.  
 
Acknowledgments 
The Swedish Research Council Formas (Grant #245-2012-1607), the Carl Trygger Foundation, the Åke and 
Greta Lissheds Foundation and the Natural Sciences and Engineering Research Council of Canada (RGPIN 
185040-12) are gratefully acknowledged for funding this research. None of these funding sources was 
involved in the study design; in the collection, analysis and interpretation of data; in the writing of the 
report; or in the decision to submit this article for publication. We also sincerely thank student XuDong 
Gong for preparing the activated carbon and Paula Parkinson and Tim Ma for laboratory assistance. 
 
References 
Abdel daiem, M.M., Rivera-Utrilla, J., Ocampo-Pérez, R., Méndez-Díaz, J.D. and Sánchez-Polo, M., 2012. 
Environmental impact of phthalate acid esters and their removal from water and sediments by 
different technologies – A review. J. Environ. Manage. 109, 164-178. 
Afkhami, A., Madrakian, T. and Karimi, Z., 2007. The effect of acid treatment of carbon cloth on the 
adsorption of nitrite and nitrate ions. J. Hazard. Mater. 144(1–2), 427-431. 
Alkaram, U.F., Mukhlis, A.A. and Al-Dujaili, A.H., 2009. The removal of phenol from aqueous solutions by 
adsorption using surfactant-modified bentonite and kaolinite. J. Hazard. Mater. 169(1–3), 324-332. 
Ania, C.O., Cabal, B., Pevida, C., Arenillas, A., Parra, J.B., Rubiera, F. and Pis, J.J., 2007. Removal of 
naphthalene from aqueous solution on chemically modified activated carbons. Water Res. 41(2), 
333-340. 
Apul, O.G. and Karanfil, T., 2015. Adsorption of synthetic organic contaminants by carbon nanotubes: A 
critical review. Water Res. 68, 34-55. 
Bansal, R.C. and Goyal, M., 2005. Activated Carbon Adsorption, CRC Press, Boca Raton, FL. 
Birch, H., Mikkelsen, P.S., Jensen, J.K. and Holten Lützhøft, H.C., 2011. Micropollutants in stormwater 
runoff and combined sewer overflow in the Copenhagen area, Denmark. Water Sci. Technol. 64(2), 
485–493. 
Preprint: Adsorption of Organic Stormwater Pollutants onto Activated Carbon from Sewage Sludge 
 
19 
 
Björklund, K., Palm Cousins, A., Strömvall, A.-M. and Malmqvist, P.-A., 2009. Phthalates and nonylphenols 
in urban runoff: Occurrence, distribution and area emission factors. Sci. Total Environ. 407(16), 
4665-4672. 
Björklund, K., Strömvall, A.-M. and Malmqvist, P.-A., 2011. Screening of Organic Contaminants in Urban 
Snow. Water Sci. Technol. 64(1), 206-213. 
Björklund, K. and Li, L., 2015. Evaluation of low-cost materials for sorption of hydrophobic organic 
pollutants in stormwater. J. Environ. Manage. 159, 106–114. 
Boving, T.B. and Zhang, W., 2004. Removal of aqueous-phase polynuclear aromatic hydrocarbons using 
aspen wood fibers. Chemosphere 54(7), 831-839. 
Bressy, A., Gromaire, M.C., Lorgeoux, C., Saad, M., Leroy, F. and Chebbo, G., 2012. Towards the 
determination of an optimal scale for stormwater quality management: Micropollutants in a small 
residential catchment. Water Res. 46(20), 6799-6810. 
Bright, D.A. and Healey, N., 2003. Contaminant risks from biosolids land application: Contemporary 
organic contaminant levels in digested sewage sludge from five treatment plants in Greater 
Vancouver, British Columbia. Environ. Pollut. 126(1), 39-49. 
Delgado, L.F., Charles, P., Glucina, K. and Morlay, C., 2012. The removal of endocrine disrupting 
compounds, pharmaceutically activated compounds and cyanobacterial toxins during drinking 
water preparation using activated carbon—A review. Sci. Total Environ. 435–436, 509-525. 
Eggen, T., Moeder, M. and Arukwe, A., 2010. Municipal landfill leachates: A significant source for new and 
emerging pollutants. Sci. Total Environ. 408(21), 5147-5157. 
Fankhauser-Noti, A. and Grob, K., 2007. Blank problems in trace analysis of diethylhexyl and dibutyl 
phthalate: Investigation of the sources, tips and tricks. Anal. Chim. Acta 582(2), 353-360. 
Foo, K.Y. and Hameed, B.H., 2009. An overview of landfill leachate treatment via activated carbon 
adsorption process. J. Hazard. Mater. 171(1–3), 54-60. 
Fytili, D. and Zabaniotou, A., 2008. Utilization of sewage sludge in EU application of old and new 
methods—A review. Renew. Sust. Energ. Rev. 12(1), 116-140. 
Gong, X., 2013. Modification and utilization of sewage sludge-based activated carbon as metal adsorbents. 
Master thesis, University of British Columbia, Vancouver, BC, Canada. Available online: 
http://circle.ubc.ca/handle/2429/44964. 
Harrison, E.Z., Oakes, S.R., Hysell, M. and Hay, A., 2006. Organic chemicals in sewage sludges. Sci. Total 
Environ. 367(2–3), 481-497. 
Preprint: Adsorption of Organic Stormwater Pollutants onto Activated Carbon from Sewage Sludge 
 
20 
 
Ho, Y.S. and McKay, G., 1999. Pseudo-second order model for sorption processes. Process. Biochem. 34(5), 
451-465. 
Huang, C.-C., Li, H.-S. and Chen, C.-H., 2008. Effect of surface acidic oxides of activated carbon on 
adsorption of ammonia. J. Hazard. Mater. 159(2–3), 523-527. 
Ioannidou, O. and Zabaniotou, A., 2007. Agricultural residues as precursors for activated carbon 
production—A review. Renew. Sust. Energ. Rev. 11(9), 1966-2005. 
Julinová, M. and Slavík, R., 2012. Removal of phthalates from aqueous solution by different adsorbents: A 
short review. J. Environ. Manage. 94(1), 13-24. 
Kalmykova, Y., Rauch, S., Strömvall, A.-M., Morrison, G., Stolpe, B. and Hassellöv, M., 2010. Colloid-
Facilitated Metal Transport in Peat Filters. Water Environ. Res. 82(6), 506-511. 
Kalmykova, Y., Björklund, K., Strömvall, A.-M. and Blom, L., 2013. Partitioning of polycyclic aromatic 
hydrocarbons, alkylphenols, bisphenol A and phthalates in landfill leachates and stormwater. Water 
Res. 47(3), 1317-1328. 
Kalmykova, Y., Moona, N., Strömvall, A.-M. and Björklund, K., 2014. Sorption and Degradation of 
Petroleum Hydrocarbons, Polycyclic Aromatic Hydrocarbons, Alkylphenols, Bisphenol A and 
Phthalates in Landfill Leachate Using Sand, Activated Carbon and Peat Filters. Water Res. 56, 246–
257. 
LeBlanc, R.J., Matthews, P. and Richard, R.P., 2008. Global Atlas of Excreta, Wastewater Sludge, and 
Biosolids Management: Moving Forward the Sustainable and Welcome Uses of a Global Resource, 
p. 632, UN-HABITAT, Nairobi, Kenya. Available online: 
http://esa.un.org/iys/docs/san_lib_docs/habitat2008.pdf.  
Li, L., Quinlivan, P.A. and Knappe, D.R.U., 2002. Effects of activated carbon surface chemistry and pore 
structure on the adsorption of organic contaminants from aqueous solution. Carbon 40(12), 2085-
2100. 
Liu, Q.-S., Zheng, T., Wang, P., Jiang, J.-P. and Li, N., 2010. Adsorption isotherm, kinetic and mechanism 
studies of some substituted phenols on activated carbon fibers. Chem. Eng. J. 157(2–3), 348-356. 
Liu, J., Chen, J., Jiang, L., and Yin, N., 2014. Adsorption of mixed polycyclic aromatic hydrocarbons in 
surfactant solutions by activated carbon.  J. Ind. Eng. Chem. 20(2), 616-623. 
Milieu Ltd, 2010. Environmental, economic and social impacts of the use of sewage sludge on land. 
European Commission (ed), Brussels, Belgium. Available online: 
http://ec.europa.eu/environment/archives/waste/sludge/pdf/part_i_report.pdf. 
Preprint: Adsorption of Organic Stormwater Pollutants onto Activated Carbon from Sewage Sludge 
 
21 
 
Moreno-Castilla, C., 2004. Adsorption of organic molecules from aqueous solutions on carbon materials. 
Carbon 42(1), 83-94. 
Ncibi, M.C. and Sillanpää, M., 2015. Mesoporous carbonaceous materials for single and simultaneous 
removal of organic pollutants: Activated carbons vs. carbon nanotubes. J. Mol. Liq. 207, 237-247. 
National Stormwater Quality Database (NSQD), 2015. Version 4.02., last updated March 17, 2015. 
Available online: http://www.bmpdatabase.org/nsqd.html. 
Nkansah, M.A., Christy, A.A., Barth, T. and Francis, G.W., 2012. The use of lightweight expanded clay 
aggregate (LECA) as sorbent for PAHs removal from water. J. Hazard. Mater. 217–218, 360-365. 
Öman, C.B. and Junestedt, C., 2008. Chemical characterization of landfill leachates – 400 parameters and 
compounds. Waste Manage. 28(10), 1876-1891. 
Quinlivan, P.A., Li, L. and Knappe, D.R.U., 2005. Effects of activated carbon characteristics on the 
simultaneous adsorption of aqueous organic micropollutants and natural organic matter. Water 
Res. 39(8), 1663-1673. 
Renou, S., Givaudan, J.G., Poulain, S., Dirassouyan, F. and Moulin, P., 2008. Landfill leachate treatment: 
Review and opportunity. J. Hazard. Mater. 150(3), 468-493. 
Rivera-Utrilla, J., Sánchez-Polo, M., Gómez-Serrano, V., Álvarez, P.M., Alvim-Ferraz, M.C.M. and Dias, J.M., 
2011. Activated carbon modifications to enhance its water treatment applications. An overview. J. 
Hazard. Mater. 187(1–3), 1-23. 
Ruthven, D.M., 2008. Fundamentals of Adsorption Equilibrium and Kinetics in Microporous Solids, in: 
Karge, H. and Weitkamp, J. (Eds), Adsorption and Diffusion. Springer, Berlin, pp. 1-43. 
Smith, K.M., Fowler, G.D., Pullket, S. and Graham, N.J.D., 2009. Sewage sludge-based adsorbents: A review 
of their production, properties and use in water treatment applications. Water Res. 43(10), 2569-
2594. 
Sotelo, J.L., Ovejero, G., Delgado, J.A. and Martıńez, I., 2002. Comparison of adsorption equilibrium and 
kinetics of four chlorinated organics from water onto GAC. Water Res. 36(3), 599-608. 
Valderrama, C., Gamisans, X., de las Heras, X., Farrán, A. and Cortina, J.L., 2008. Sorption kinetics of 
polycyclic aromatic hydrocarbons removal using granular activated carbon: Intraparticle diffusion 
coefficients. J. Hazard. Mater. 157(2–3), 386-396. 
Venkata Mohan, S., Shailaja, S., Rama Krishna, M. and Sarma, P.N., 2007. Adsorptive removal of phthalate 
ester (Di-ethyl phthalate) from aqueous phase by activated carbon: A kinetic study. J. Hazard. 
Mater. 146(1–2), 278-282. 
Preprint: Adsorption of Organic Stormwater Pollutants onto Activated Carbon from Sewage Sludge 
 
22 
 
Xu, G., Yang, X. and Spinosa, L., 2015. Development of sludge-based adsorbents: Preparation, 
characterization, utilization and its feasibility assessment. J. Environ. Manage. 151, 221-232. 
Yeganeh, M.M., Kaghazchi, T. and Soleimani, M., 2006. Effect of Raw Materials on Properties of Activated 
Carbons. Chem. Eng. Technol. 29(10), 1247-1251. 
Yin, C.Y., Aroua, M.K. and Daud, W.M.A.W., 2007. Review of modifications of activated carbon for 
enhancing contaminant uptakes from aqueous solutions. Sep. Purif. Technol. 52(3), 403-15. 
Yuan, M., Tong, S., Zhao, S. and Jia, C.Q., 2010. Adsorption of polycyclic aromatic hydrocarbons from water 
using petroleum coke-derived porous carbon. J. Hazard. Mater. 181(1–3), 1115-1120. 
Zgheib, S., Moilleron, R., Saad, M. and Chebbo, G., 2011. Partition of pollution between dissolved and 
particulate phases: what about emerging substances in urban stormwater catchments? Water Res. 
45(2), 913-925. 
Zgheib, S., Moilleron, R. and Chebbo, G., 2012. Priority pollutants in urban stormwater: Part 1 – Case of 
separate storm sewers. Water Res. 46(20), 6683-6692. 
